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ABSTRACT 
 As one of the most promising two-dimensional materials, graphene’s outstanding 
electrical, mechanical and optical properties have made many new devices possible. Its 
ultra-thin thickness makes both the fabrication and characterization of graphene-based 
device challenging. In my thesis, I will discuss different approaches to fabricate and 
characterize graphene devices for the use in transport and THz radiation devices, as well 
as strain engineering. These approaches could be potentially used to produce next 
generation electrical devices, photonics devices and generate ultra-high pseudomagnetic 
fields. To analyze graphene’s quality, I use multi-variable Raman spectroscopy for 
identifying graphene’s defect density, strain and doping. A case study of strain 
redistribution on a silicon dioxide grating with sub-diffraction limit resolution of the 
strain variation is presented, where atomic force microscopy and Raman spectroscopy are 
applied for characterization. The strain redistribution is used to determine the strain 
dependent friction between graphene and the substrate. This work has also lead to more 
precise determination of the strain and shear response using the 2D phonon band. 
  viii 
Improvements of the electrical property of graphene is achieved by using graphene 
encapsulated between atomically flat hBN layers as well as tuning surface 
hydrophobicity via substrate salinization. This also provides an improved method to 
optically determine charge density in graphene with order of magnitude enhancement in 
sensitivity. 
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CHAPTER ONE 
INTRODUCTION TO TWO-DIMENSIONAL (2D) MATERIALS 
One of the most well-known foundations of modern society, Moore’s law, 
predicts and motivates generations of electrical engineers to significantly scale down 
semiconductor devices. As Moore’s law approaches the limited by traditional silicon 
based devices, alternative materials which could make devices even smaller are being 
intensively studied. Atomically thin two-dimensional materials gave us a possible 
solution for pushing Moore’s law even further. Single carbon atom sheet with hexagonal 
honeycomb lattice – graphene, as long as other transition metal dichalcogenide 
monolayers candidates such as hexagonal boron nitride (hBN) and MoS2 stand out 
because of the extraordinary properties of themselves as well their three-dimensional 
counterparts.  
However, after being extensively studied in the past decades, a lot of details about 
these 2D materials, especially graphene, still remain unclear and show a broad range of 
possibilities in a lot of aspects1. Graphene’s outstanding mechanical2 and electrical3 
behavior have made it one of the most controversial topics in two-dimensional 
transistors4, nano-mechanical application5, waveguide development6 and pseudomagnetic 
field generation7 (Figure 1 right). With the highest measured thermal conductivity in all 
materials, graphene can also be used as an outstanding thermal conductor in heat transfer 
applications8 (Figure 1 left). However, even with the strongest mechanical property 
among all materials, the single atom thickness still makes it more fragile comparing to 
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any macro size experimental process. This makes the graphene device fabrication process 
challenging. 
 
Figure 1.1: Applications of graphene. Left: thermal conductance measured in different layer 
numbers of graphene, with graphene provided by our experiments8. Right: strained graphene 
nanobubble for pseudo magnetic field measurement7. 
 
On top of these general mechanical and electrical properties, graphene’s 
photonics application also shows its promising future. This will be further discussed in 
the next sections. 
Quality of graphene determines its behavior. Contaminations and defects on 
graphene significantly limit its thermal conductance, create more scattering sources in 
electron transport and reduce its mechanical property.  
The most commonly used methods for fast quality inspection is done using 
microscope. White light image tells the coverage of the graphene as well as the crack 
density. Dark field image is also widely used for particle density inspection as edges will 
create scatter source in dark field, which looks bright in the displayed image. 
The non-destructive Raman spectroscopy is one of the most reliable ways to 
inspect graphene’s defect density. The defect band intensity quantitatively indicates the 
defect density. The other signature bands indicate and are extremely sensitive to 
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graphene’s charge and strain condition. This will be further discussed in Chapter 2.3. 
The carrier mobility measurement is another reliable way to quantitatively inspect 
the overall conducting quality. Affected by temperature, contamination, dielectric 
screening, surface roughness and defects, a high mobility value indicates a high-quality 
graphene device that can be further applied for electrical and photonics applications. This 
will also be further discussed in later chapters. 
In my thesis, I will first discuss graphene device fabrication techniques for 
different purposes, followed characterization using optical and electrical methods. My 
thesis of graphene application will focus on devices for THz generation and 
pseudomagnetic field, as well as fundamental study of graphene’s Raman G band and 2D 
band behavior under low doping. Case studies of strain application devices will also be 
discussed in detail. 
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CHAPTER TWO 
CHARACTERIZING GRAPHENE USING TRANSPORT AND RAMAN  
– THE EFFECTS OF STRAIN AND DOPING 
2.1 Introduction to transport measurement 
The transport measurement, which gives us a pathway to calculate the mobility 
value, is a direct measure of graphene’s overall property. A high mobility value indicates 
a longer mean free path in graphene. Graphene encapsulated in hBN can have mean free 
path value of tens of microns under liquid helium, which provides us an outstanding 
candidate for electrical and photonics devices. 
To simplify the calculation by not taking resistance of metal contacts into 
consideration, the IV characteristic follow the same transport rule as all other 
semiconductor materials –  𝜎 = 𝜎# + 𝑛𝑒𝜇 
Where σ0 includes the quantum conductance σmin = 4e2/πh = 0.15mS and doping 
variation induced conductance σimp, ñ is the carrier density tuned by the back gate voltage, 
and e = 1.6 ×10-19C.  
To estimate the doping value, we assume the silicon dioxide is a capacitor: 
𝑛 = 1𝑒 𝐶𝑉+, 
where VGS is the back gate voltage relative to the source/drain (typically the voltage 
difference between source and drain is negligible), and  
𝐶 = 𝜀,./0𝜀#𝑡,./0  
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with dielectric constant of silicon dioxide εSiO2 = 3.9 and a typical thickness of 
approximately 300nm, ñ ≈ 7.18×1010cm-2V-1 VGS. We also estimated the doping as 
2×1012cm-2 with every 30V of back gate voltage increment. 
We measure graphene’s mobility by measuring how graphene’s resistivity 
(conductance) changes as a function of carrier density (in this case linearly proportional 
to the back gate voltage) under the supply of a constant current flow. Mobility data can 
be extracted upon fitting the measured resistivity (conductance) plot. A typical example 
of a graphene sample with W/L =3 is shown in Figure 2.1. In most cases, the slope, 
which is a direct measure of the mobility, is higher at the hole side (the left half in Figure 
2.1) than the electron side (the right half in Figure 2.1). The fitted mobility value is 
approximately 3.2 × 104 cm2/Vs. This mobility value is considered as a decent value 
among graphene encapsulated in hBN measured under room temperature. The mobility 
value can be significantly improved under low temperature, especially under 4K cooled 
by liquid helium.  
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Figure 2.1: Transport behavior of graphene encapsulated in hBN. The conductance is plotted as a 
function of doping under room temperature. 
 
There have been long last studies in revealing how strain and doping affects 
graphene’s mobility. Even though there are not enough evidence proving that strain will 
significantly affect mobility, the inhomogeneity doping could possibly affect the 
transport property. Based on measured data, we estimate that the graphene’s charge 
inhomogeneity to be equivalent to less than 1011cm-2 for encapsulated graphene and 
1.3×1012cm-2 in graphene on silicon dioxide. 
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2.2 Introduction to Raman analysis 
Raman spectroscopy is one of the most powerful non-destructive characterization 
methods. Raman spectrum gives us a pathway to know graphene’s quality without 
destroying its structure. It provides us an ideal non-destructive tool for precisely 
characterizing different materials. As each different lattice has its own unique vibrational 
energy at certain condition, the non-elastic scattering excited by incident photon 
represents each unique energy levels. As a result, these unique energies, corresponding to 
different peaks in the spectrum acquired, correspond and re-assemble all the different 
phonon energy levels according to different vibrational energies. As different peaks come 
from different origins, such information will be further analyzed for detailed study. The 
entire process does not destroy any materials as long as no excess heating caused by laser 
is accumulated, which made the measurement reliable and repeatable. 
  
  
8 
2.3 Graphene Raman spectra and Raman peaks 
– D band, G band and 2D band in graphene 
 
 
Figure 2.2: A typical Raman spectrum showing D band, G band and 2D band. 
• G Band 
The most noticeable peak for all carbon nanotubes and any form of graphite, G 
band9, sits at round 1582cm-1. As a result of first order Raman excitation process, the G 
band is independent of the incident laser energy. Originated from iTO and LO phonon 
mode at the Brillion zone center, G band spectra is doubly degenerate with E2g symmetry9. 
G band frequency will be shifted in the presence of strain and doping. 
• 2D Band 
The other noticeable peak in graphene, named 2D band (or G’ in some 
literature)9.10, sits at around 2672cm-1 under 2.33eV excitation laser line11. 2D band is 
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originated from a second order process by two iTO phonons near K point. An iTO 
phonon was scattered to the adjacent carbon atom after being excited by the incident laser, 
and then scattered back for preserving momentum. As the entire scattering process 
involve interaction with incident laser photon, each step is dependent on the incident 
photon energy. A blue shift value of approximately 88cm-1/eV was calculated per 
electron volt of excitation photon energy increase9. If the adjacent carbon atom is missing 
due to defect, there will only be one scatter process involved. Similar to G band, 2D band 
frequency will also be shifted in the presence of strain and doping. 
• D Band 
A phonon with half of the 2D band energy might also be excited, namely D band. 
D band sits at around 1336cm-1under excitation of 2.33eV laser. The presence of D band 
indicates a broken in symmetry, which is an indication of defect in the carbon 
honeycomb lattice. In most cases, D band intensity (or the intensity ratio of D band 
versus G or 2D band), is an intuitive method of characterizing graphene’s defect 
density9,10. 
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2.4 Strain and Doping effects in Raman spectra 
• Strain 
In a lot of cases, the stretchable graphene may undergo certain amount of strain. 
Changing the hexagonal lattice may easily affect the band structure of graphene. As a 
result, the Raman peak center will also be shifted according to strain. The complete 
strain-Raman correlation is still not fully studied or calibrated, however the measurement 
are getting more precise after copious amount of carefully designed experiments. 
Literatures are showing that both G and 2D band are extremely sensitive to even a small 
amount of strain, with a sensitivity of tens of wavenumbers per 1% of uniaxial strain12.  
Taken into consideration that both G and 2D band peaks are degenerated (G band 
is doubly degenerated, while 2D band degenerates to four peaks), there will be peak 
splitting under some certain level of strain. Peak splitting under stain is also believed to 
be a function of lattice orientation, and in the meantime is a powerful tool for measuring 
such angle. 
Being studied by Mohiuddin et al.12, the intensity of the two peaks of the doubly 
degenerated E2g peak (G band) is a function of incident light polarization angle, strain 
direction and collection path polarization angle. By plotting the spectrum versus various 
of incident light polarization angle, the doubly degenerated peaks, G+ and G-, will be 
alternatively excited. This method is also a powerful tool to exclusively look into only 
one peak out of the two peaks, which in some cases could provide us great convenient in 
data analysis. Meanwhile, this method could also help us with identifying graphene’s 
lattice orientation. 
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The splitting of these two doubly degenerated E2g peaks, as well as another similar 
splitting in the four-degenerated 2D band peaks, are also previous information in 
determining exact strain values in graphene strain engineering. To quantitatively evaluate 
the splitting, Grüneisen parameter and shear deformation potential are introduced to 
identify the splitting caused by strain and laser polarization: ∆𝜔+,56 = −𝜔#8,09𝛾+,56 𝜀; + 𝜀< ± >5𝜔#8,09𝛽+,56 𝜀; − 𝜀<     (2.1) 
where ∆𝜔 is the peak center shift in G band or 2D band, 𝜔#is the pristine values 
of these two peaks, 𝜀;is the radial strain, 𝜀<is the tangential strain, with 𝛾 and 𝛽 are the 
Grüneisen parameter and shear deformation potential respectively. The Grüneisen 
parameter describes the Raman shift rate under uniform strain, while the shear 
deformation potential describes the splitting under inhomogeneous strain in different axis. 
The measurement of strain dependence Raman shift, after conducted on different 
substrates, gave us an average linear relationship of approximately 25cm-1 redshift per 1% 
uniaxial strain. However, as most of the experiments do not include a proper way to 
calibrate the strain level or take slippery into consideration, the results may not be precise 
enough. Kitt et al.13 from our group reported another reliable strain engineering model in 
2013 which does not require applying artificial strain. This is considered to be more 
reliable and could also gave us more friction results beyond G band splitting under strain. 
A Grüneisen parameter of 1.89 with shear deformation potential of 0.70 was calculated 
by pressurizing graphene sealed circular holes. 
Similar behavior is also observed in the four degenerate 2D band spectra10. 
However, different from the clear splitting in G band, the two strain-dependent 2D+ and 
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2D- bands could not be clearly distinguished in most graphene strain devices. Besides, 
unlike the alternatively showing G+ and G- band, 2D+ and 2D- could not be completely 
eliminated even under changing incident laser polarization14. The difficulties in observing 
such splitting made it hard to analysis the Grüneisen parameter and shear deformation 
potential in 2D band. The complication in excitation mechanism of 2D band also leads to 
an uncertainty in theoretical prediction. In order to precisely calculate the strain value 
using 2D band spectra, a precise Grüneisen parameter and shear deformation potential are 
needed. To implement this unfinished study, another work done on 2D band splitting will 
be discussed in Chapter 4 in this report. 
• Charge 
The surface doping is another important factor that might cause significant peak 
center shift. In most cases, as graphene is deposited onto silicon dioxide, the surface state 
of silicon dioxide may cause extra doping on graphene15. The Fermi energy, as a function 
of doping, is shifted and therefore changing the band structure. Meanwhile, the doping 
level can also be tuned, as the silicon dioxide substrate is a capacitor de facto that can 
accumulate charge as a linear function of back gate voltage. Research conducted by Das 
et al.16 shown both the G band and 2D band behavior under medium (>1012cm-1) to high 
(>1013cm-1) surface doping level. In medium doping regime, which in most cases 
graphene’s doping level sits at, both the G band peak center and 2D band peak center 
follows a linear relationship as the doping level. 
Since the doping level also affects the Fermi energy of graphene, the Fermi 
velocity and the lifetime of phonons excited are also dependents of the doping10. As a 
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result, the linewidth of both G band and 2D band, as well as the peak center, are sensitive 
to such doping level. Past research done in our group has analyzed how G band’s peak 
center and linewidth are affected by the Fermi energy17, shown in Figure 2.3. Since such 
effect on 2D band is less noticeable and doubly resonance scattering process is involved, 
no detailed calculation has been processed. In this sense, other methods have been 
applied to study the 2D band behavior under sub-Kohn anomaly regime, which will be 
discussed in Chapter 4. 
 
Figure 2.3: Graphene’s G band behavior as a function of Fermi Energy. a) G band peak center 
and graphene’s Fermi energy b) G band peak center and graphene’s Fermi energy 20  
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2.5 Graphic Method for Separating Charge and Strain induced Raman shifts 
An intuitive graphic method using multi variables has been demonstrated to tell 
strain and doping level apart in each Raman spectra18. Since the Raman G band and 2D 
band shift caused by strain and doping are both following linear relationship under most 
circumstances with moderate doping and low strain, the plot of 2D–G relationship will 
give us an overall shift (G,2D) relative to the original shift (G0,2D0). This shift is 
consisted of two linear vectors – strain vector and charge vector, which can be solved by 
simple linear algebra. This plot gave us precise and straightforward information on the 
strain and doping level in each graphene Raman spectra. Furthermore, the slope within a 
varying data group can also tell us the dominant factor in the data variation, strain, 
doping or both. 
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Figure 2.4: Graphic method for analyzing doping and strain induced Raman shift. The figure 
shows how to decompose the G band and 2D band shifts into charge induced components (the eH 
line shown in bottom right corner) and strain induced components (eT line shown in the bottom 
right corner)18.  
 
Meanwhile, in low doping level with Fermi energy absolute value less than 
0.15eV, calculations have shown that there exists a Kohn anomalous singularity at 
E=½ħωG0 which may cause G band peak center shifted significantly. The behavior of 2D 
band peak center under low doping, which was believed to be also non-linear, was not 
well studied yet. The challenging part in experiment is that the fact that the surface 
doping of silicon dioxide substrate as well as the charge paddling made precisely 
achieving such a small doping level difficult. However, as the study in two-dimensional 
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material hetero structure is becoming more mature in recent years, very low doping (close 
to intrinsic) graphene is being studied by sandwiching graphene between two insulators 
atomically flat two-dimensional materials such as hBN. Literatures have shown that there 
is a significant 2D band peak center blue shift when each side of graphene is contacted on 
such insulator atomically flat materials. This is believed to be due to the change of Fermi 
velocity and the slope of highest optical branch phonon’s energy when graphene becomes 
more pristine-like. Such blue shift is also proportional to the number of side where 
graphene is contacted with hBN19. By properly tune the back gate voltage, the Kohn 
anomaly point is feasible to achieve. More studies will be conducted on this topic and 
will be further discussed in Chapter 4 by studying the 2D band behavior under sub-Kohn 
anomaly doping using accidental charge. 
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Figure 2.5: Comparison of 2D–G behaviors between graphene on different dielectrics. Data 
collected on graphene encapsulated within two hBN layers (cyan), graphene on hBN layer (pink), 
and graphene on silicon dioxide (other circular points). The different 2D band behavior is a direct 
measure of different Fermi velocity and different dispersion relation.  
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CHAPTER THREE 
CHARGE PUDDLING AND DOPING VARIATION IN GRAPHENE ON 
SILICON DIOXIDE UNDER ROOM TEMPERATURE 
This work is published in ACS Photonics, 2017, 4 (8), pp 2011–2017. 
In plasmonics research field, graphene is a relatively new material with several 
distinctive and favorable properties. For typical graphene carrier densities of several 1012 
cm-2, the resulting plasmonic resonances occur at mid-infrared and terahertz frequencies, 
as opposed to the visible or near-infrared excitations of traditional plasmonic 
nanostructures based on noble metals. Furthermore, because the carrier density of 
graphene can be controlled through the application of a gate voltage, the plasmonic 
dispersion curves and resonance wavelengths are in principle dynamically tunable, which 
can add significant flexibility and functionality for device applications. Several device 
applications have also been proposed and investigated, including photodetectors, optical 
modulators, light emitters etc. Such devices will be further discussed in Chapter 6.  
To precisely control the carrier density level in these graphene photonics devices, 
it is beneficial to study the doping distribution and behavior in graphene on silicon 
dioxide in room temperature under different doping values. For such purpose, we have 
used Raman microscopy to study the carrier density distribution in the graphene samples, 
with rectangular shaped plain CVD graphene transferred onto silicon dioxide with size of 
several hundred microns. The optical image of where the measurement has been 
conducted is shown in Figure 3.1. The sample is kept in a stainless steel made vacuum 
box or a cryostat (under room temperature) with wires bonded to source, drain and back 
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gate of graphene and fitted through to external source meters. The measurements are all 
conducted vacuum condition to avoid any contamination coming from outside. 
 
Figure 3.1: A CVD graphene sheet on silicon dioxide for doping variation measurement. 
 
Raman maps with 1um by 1um spacing in a 7um by 7um square shape (resulting 
in 8 by 8 datapoints at each back gate voltage to ensure enough statistics) are acquired 
under different back gate voltages with increment of 30V (equivalent to 2×1012cm-2) at 
different locations on the sample shown in Figure 3.2. Considering the relatively 
homogeneous strain distribution within such a small region which can be relatively 
precisely estimated within a low uncertainty, here we use the G band, measured at several 
different locations as a function of gate voltage. Different colors in Figure 3.2 correspond 
to different values of back gate voltages Vgs (listed above the top axis), and different data 
points plotted in each color were measured sequentially at different spots of 
approximately 1-um2-size across the sample area. Similar results were once again 
obtained in other samples. 
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Figure 3.2: Raman G-band peak center statistics as a function of back gate voltage. The G band 
peak center, plotted in wavenumber (left axis) and corresponding estimated carrier density 
(right axis), is measured at different spots in a graphene sample without any overlaying 
deposition, for different values of the applied gate voltage Vgs (listed above the top axis). 
Different colors correspond to different values of Vgs. The measured spots are situated within 
two different regions of the sample area (each with dimensions of 7×7 μm2), denoted by 
different symbols in the plot. A large variance in local carrier density is observed for each gate 
voltage. 
The shape of the data set plotted in Figure 3.2 is clearly indicative of gate doping, 
with the average G-band peak center (and therefore the average carrier density) going 
through a minimum around Vgs ≈ –30 V. Incidentally, this value is significantly different 
from the charge neutrality voltage obtained from the electrical measurements (near +30 
V). This apparent discrepancy, which we also observe in almost all our graphene samples, 
can be attributed to the photo doping effect activated by Raman laser illumination. It is 
also observed that the doping induced G band peak shift tend to move back towards 
theoretical un-doped value as time increase, which is an indication of possible photo-
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doping introduced by laser illumination. In any case, the key observation in the present 
context is the large variance in G-band peak center measured for each gate voltage, 
suggesting a proportionally large variance in local carrier density. The results of this 
analysis are indicated on the right axis of Figure 3.2. It should be emphasized that some 
uncertainty exists regarding the materials parameters used in this analysis, so that the 
doping values are only approximate estimates. In fact, the relatively small rate at which 
the average carrier density in Figure 3.2 increases with increasing |Vgs – VCNP| suggests 
that these extrapolated values of N are likely lower bounds.  
Based on these data, we conclude that carrier density variation on the order of 
2~3×1012 cm-2 exist across the sample area for each applied value of the gate voltage 
under room temperature. Charge “puddles” of similar magnitude have already been 
reported in unpatterned graphene samples on SiO2, and have been attributed to charged 
impurities in the substrate. Similar data acquired at different laser illumination power 
density is also acquired but failed to show statistically significant proof that it might be 
due to the earlier-mentioned photo doping induced by laser or different electron and hole 
diffusion speed within the electron-hole pairs excited locally by the incident laser. We 
believe that such charge puddles only show up significantly under room temperature as it 
does not arise in measurement done at the temperature of liquid Helium17. 
This behavior of charge inhomogeneity under room temperature in graphene is 
especially important for analyzing the behavior of graphene plasmonic and Teratertz 
radiation devices, as the measured spectra will result in a convolution of signals 
correspond to different wavelengths according to the doping variation.   
  
22 
CHAPTER FOUR 
CHARGE SCREENING AND 2D RAMAN BAND SPLITTING IN GRAPHENE 
UNDER SUB-KOHN ANOMALY REGIME 
This work has been submitted to Scientific Reports. 
Graphene encapsulated in hBN has been applied as the core materials to many 
devices which require high performance. Ballistic transport with mean free path 
exceeding a few tens of microns has been observed and reported. Similar to CVD 
graphene, it is also very important to control and study graphene’s doping behavior in 
these devices, especially study the doping inhomogeneity in those encapsulated graphene 
samples. 
Here we are considering the effect of very low doping levels in ultra-clean 
graphene, dielectrically screened by encapsulation in hBN. Encapsulated graphene 
possesses many of the superior transport properties of suspended graphene with the added 
advantage of being mechanically more robust and easier to fabricate.  
The encapsulated graphene sample was fabricated with a pick-and-place method 
that avoids direct contact the pick-up polymer with the graphene layer or the 
accompanying hBN surfaces in contact with graphene which is discussed in Appendix A4. 
By taking advantage of the better van der Waals adhesion force between 2D materials 
inter-layers than 2D materials to silicon dioxide, single layer graphene exfoliated on 
silicon dioxide was picked up by fully adhering to a pre-made hexagonal boron nitride 
(top layer) exfoliated on a thermal release polymer (PPC) layer used as a transfer pad. 
The transfer pad with picked-up graphene is placed on top of the other exfoliated 
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hexagonal boron nitride (bottom layer) to ensure the graphene is encapsulated. The hBN-
graphene-hBN sandwich was then shaped to a 13um by 29um rectangular shape with 
edge contacts by photo-lithography followed by removing extra region using oxygen 
plasma. We used Raman spectroscopy to study the doping behaviors in detail. Different 
incident laser photon energies, green laser with wavelength of 532 nm (EL=2.33 eV) and 
red laser with wavelength of 633 nm (EL = 1.96 eV), are applied at 1µm by 1µm spacing 
with laser spot approximately 1µm2 with typical spectra shown in Fig 4.2. The accidental 
charge density in hBN graphene sandwiches typically does not exceed 1011cm-2, resulting 
in a broad linewidth since the doping is below the onset of Pauli blocking of the phonon 
decay into electron hole pairs20. Here, the G band peak center shows a tight linewidth 
distribution of 15.51±1.50cm-1 shown in Figure 4.1, confirming that the doping density is 
below ~1011cm-2. As a result the G peak position cannot provide us enough information to 
precisely analyze the doping level. Indeed, the traditional doping level estimation, i.e. 
comparing linewidth with existing literature to calculate doping level, is limited in this 
scenario, as the linewidth is saturated at certain extend while the doping could be even 
orders of magnitude lower. Such result, which matches the overall low doping 
assumption but fails to provide us more information in more detailed doping distribution, 
made us look into the possibility of using the 2D data to extract more information of the 
charge level and the effects on the electronic dispersion.  
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Figure 4.1: Raman statistics of graphene encapsulated in hBN. (a) 2D1–G correlation (blue) and 
2D2–G correlation (black). The 2D1–G line falls tightly along the linear correlation shown in blue 
dashed line with slope of 1.72, very close to literature33 values. The 2D2 is showing following two 
different linear correlations with slope of 2.2 (square shape date) and 3.0 (circular shape data). 
These slopes are due to the nanoscale local strain variation. (b) Histogram of G band linewidth. 
The G band linewidth mostly falls into 15cm-1, which corresponds to low doping regions based on 
previous doping analysis20. (c) 2D linewidth distribution versus 2D band peak center. Strain has 
been removed based on the plot shown in Fig 14(a). The linewidth of 2D1 band (blue dataset) is 
stable at around 18cm-1, while the linewidth of 2D2 is decreasing as peak center upshifts. 
 
 On SiO2, a symmetric 2D band together with the G/2D intensity ratio has been 
used to identify single layer graphene. Berciaud et al.21. showed that on suspended 
graphene, the intrinsic 2D line shape of single layer graphene is asymmetric, 
indistinguishable from graphene on SiO2, at 2x1011 cm-2 charge density. The splitting of 
the 2D band is due to the trigonal warping in the electronic and phonon dispersion around 
the K and K’ points, resulting in phonons of different energies for a given laser energy. 
There has been discussion about the detailed origin of the split, from a one dimensional 
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(1D) or quasi 1D “inner loop” and “outer loop” resulting in 2 peaks, or arguments for a 
more complex full two-dimensional contribution to the intrinsic double peaked 2D line 
shape Here we refer to the two 2D sub-bands as 2D1 (lower frequency) and 2D2 (higher 
frequency), and we argue that they indeed correspond to a quasi 1D inner and outer loop, 
and identify the peak with the wave vectors.  
By fitting the Raman spectra map using double 2D band with a Voigt line-shape 
function at all different locations, we find that the linewidth and intensity of the two 
peaks vary with location as shown in Figure 4.3. Different linewidth, splitting, and 
relative intensity can be observed in these different locations. Since the 2D peak position 
is influenced by strain as well as charge, we plot the 2D1,2 vs. G. Figure 4.1 (a) shows 2D1 
(black symbols) and 2D2 (blue symbols) versus G. The lower energy peak 2D1 has a well-
defined slope 1.7 ± 0.13, very close to the calculated value for randomized strain versus 
lattice direction and the large slope is clearly attributable to strain or compressions rather 
than charge. Here the strain variation across the sample corresponds to a small strain 
distribution of ~ 0.1%. The higher energy peak 2D2 on the other hand does not have a 
single, well defined slope. Instead the data falls mainly in two groups; a lower 2D2- vs. G, 
and higher 2D2+ vs. G. The slopes measured for 2D2- vs. G and 2D2+ vs. G are 2.2 ± 0.3 
and 3.0 ± 0.4 respectively. The variation and range of the strain sloped matches an earlier 
study of graphene/hBN sandwiches and is likely due to differences in average strain 
orientation versus graphene lattice orientation possibly involving strain splitting of 2D 
peaks ad their large variation in strain dependence. 
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Figure 4.2. Typical Raman spectra of graphene encapsulated in hBN taken at various locations 
fitted with double 2D sub bands. Inset: optical image showing encapsulated graphene sample. (a) 
to (c): spectra at two different locations showing different splitting and relative 2D sub-band 
intensity. The two 2D peaks are identified as 2D1 (lower frequency, blue) and 2D2 (higher 
frequency black), respectively. 
 
Here we are not interested in the strain per se, but rather the effect of low charge 
doping on the graphene Raman peaks. Figure 4.1 (b) shows a histogram of the G peak 
linewidth, and is centered around 15.4 cm-1, that shows that the doping level is low 
enough, <1011 cm-2, to not prevent phonon decay via electron–hole interactions due to 
Pauli exclusion. We turn to the 2D peak to look for charge dependence manifested in the 
split of the 2D peak for doping levels below <1011 cm-2. The zero-strain-zero-doping peak 
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center (G0, 2D0) provides us a reference point for calibrating strain and doping. Given 
that G0 has a theoretical value= 1582 cm-1, which is independent of dialectic screening 
and incident photon energy17. However, the corresponding zero-strain-zero-doping peak 
center value of the 2D subbands, 2D1,0 and 2D2,0, depends on the substrate. Here we 
choose to use the G0 value and the respective slopes to plot the strain removed 2D1,2 
versus the linewidth, as shown in Figure 4.1 (c) (2D1 black dataset and 2D2 blue datasets). 
The 2D1 linewidth forms a single cluster regardless of the position of the 2D2 peak 
belongs to the 2D2+ or 2D2- group. However, the 2D2 linewidth is varying from 
approximately 30 cm-1 for the lower peak positions 2D2- to less than 20 cm-1 for the for 
the higher peak positions 2D2 . (2D1,2 vs G).  
To avoid issues related to removing the strain component from the 2D peak 
behavior (slope and 2D0) we choose instead to analyze the 2D characteristics versus the 
2D peak splitting, since the split depends on the doping level21. Figure 4.3 shows the 
amplitude and line width evolution as a function of 2D peak splitting for two different 
laser lines, 532 nm and 633 nm respectively. Here we have chosen to define the x-axis as 
the peak split between the two 2D bands 2D1 - 2D2 to increase with increasing doping, 
with large 2D peak split to the left defined as “pristine” according to Bericaud et al.21, 
and higher doping (small peak split) to the right. Figure 4.3 (a) and (c) show the relative 
integrated intensity ratio between 2D1 and 2D2 band versus peak splitting, and Figure 4.3 
(b) and (d) shows how linewidths of 2D1 and 2D2 evolves as the splitting changes for 
respectively. Note that if the 2D band is fitted by only one peak, the linewidth is 
relatively constant regardless of the peak splitting. We find that the integrated area and 
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the linewidth of both subbands are depending strongly on the peak splitting. For lower 
splitting (higher doping) the 2D2 intensity is more dominant, and the linewidth is broad, 
close to that measured from graphene exfoliated on silicon dioxide, while the more 
pristine graphene with higher splitting is dominated by the 2D1 peak intensity, with both 
peaks having similar linewidth around 18 cm-1. The 2D2 linewidth is increasing linearly 
with deceased peak split, while the 2D1 linewidth is slightly decreasing. Note that we 
cannot reliably fit a spectrum with two peaks if one of the peaks is much weaker than the 
other (less than 5% of the entire signal) or the two sub-bands are much closer than their 
linewidths. Hence the 2D peaks cannot be followed to zero split. Figure 4.3 (c) and (d) 
shows the behavior for 633 nm. Even though both measurements are showing similar 
trends both in peak area and linewidth, the measurement using 633 nm laser has a much 
smaller absolute splitting, 3~5 cm-1, compared to 4~14 cm-1 split for 532 nm for the same 
sample. This behavior indicates that the split of the 2D peak at higher laser energy level 
can be used as a good indicator of the degree of doping for low charge levels orders of 
magnitude lower than can be estimated from the G band linewidth and peak position.  
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Figure 4.3: Behavior of the 2D intensity and linewidth as a function of 2D peak split measured 
with two different laser lines for the identical sample. (a) and (c) Integrated peak intensity of 2D1 
and 2D2. (b) and (d) Linewidth of 2D1 and 2D2. 
 
Next we compare the data measured from encapsulated in hBN with graphene 
exfoliated and suspended over a 4.5um diameter hole, shown in Figure 4.4 (a) inset. All 
Raman data was collected within five hours after the mechanical exfoliation to minimize 
contamination and results are shown in Fig 4.4. The scan oversamples by a factor of ~5, 
with 200nm step sizes. The dataset is spatially separated into two groups; suspended 
graphene (black and blue symbols), and supported (green symbols) where supported 
graphene has half or more of the laser spot on the silicon dioxide. The splitting of the 2D 
band can only be seen on the suspended graphene. We notice that the 2D band split 
increases from ~10 cm-1 near the edge increasing to 16 cm-1 further away from the silicon 
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dioxide edge (Fig 4.4d), indicating charge spilling from the oxide layer onto the 
suspended graphene. The slope of the 2D v G peaks in Figure 4.4 (a), black and blue 
symbols, shows strain slopes that has S shapes with low slope (I), higher slope (II) and 
lower slope (III) going from left to right. The three regimes (I, II and III) are identified 
with different areas, shown in Figure 4.4 (b). These regions are also experiencing 
moderate amount of strain resulting from slight snapping to the edge of the well. The 2D 
to G slope in area I and III follow the same strain slope as graphene in the hBN sandwich, 
while area II has a slope exceeding 3. The 2D1 and 2D2 bands both follow near identical 
gradual up-shift when the laser spot moves towards silicon dioxide, but still within the 
suspended region. We attribute this effect to the rapid change of dielectric screening 
condition in these border regions. The upshift of these two subbands saturates and 
converge to the line taken on supported graphene on silicon dioxide. Detailed analysis 
shows that the split of the two 2D subbands slightly decreases from 16cm-1 to 
approximately 12cm-1 as graphene is closer to silicon dioxide. Such split dramatically 
drops to a small value of about 5cm-1. Meanwhile, the linewidths of 2D1 and 2D2 also 
change versus splitting, shown in Fig 4.4 (c). At higher splitting region, where in this 
case on the suspended graphene is further away from silicon dioxide, the linewidths of 
these two subbands are close to each other with value of approximately 26cm-1. The 
width of 2D1 remains unchanged as the absolute value of the splitting gets less, while the 
width 2D2 tend to get broadened. All these behaviors, including the alternatively 
changing in the intensities of the subbands, appear very similar to that of the graphene 
encapsulated in hBN.  
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Figure 4.4. Graphene’s Raman behavior on freshly prepared suspended graphene. (a) 2D1-G 
(blue) and 2D2-G (black) peak center correlations taken on freshly made mechanically cleaved 
suspended graphene over holes. The Raman data was taken within 5 hours of the exfoliation. 2D-
G correlation of supported graphene is shown in green dataset. Both the 2D1 and 2D2 are 
converging to the green dataset. (b) Map of G band peak position for suspended graphene. (c) 
Linewidth of 2D1 and 2D2 bands versus 2D band splitting. They are showing a similar behavior 
as that in graphene encapsulated in hBN. (d) Map of the 2D band splitting on the suspended 
graphene. Graphene in the center of the hole, which is far away from the SiO2 doping source, has 
higher split (less doping) than the graphene close to the edge of the hole, where experiences more 
incidental doping migrating from SiO2 substrate. 
 
Due to the double resonant nature of the 2D peak, it reveals information both of 
the phonon dispersion and electronic dispersion around the K and K’ points. The origin 
of the double peak, which is illustrated in Fig 4.5, can be interpreted as the inner and 
outer loop of the trigonal wrapping in graphene’s band structure when 2D band was 
excited by the laser energy. The electron hole pair was excited around the trigonal 
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wrapping shown in Fig 4.5a. An “inner loop”, which is relatively further away to the K 
point, and an “outer loop”, which is relatively closer to the K point, will have the 
possibility of being excited and contribute to the 2D band in the double resonance process.  
 
 
Figure 4.5: Schematic of graphene’s 2D band double resonance mechanism. (a) Top view of the 
K and K’ electron dispersion iso-energy contours for the selected k vectors. Red and green circles 
in (a) are the iso-energy contours EL/2 and (EL/2 - hcωD) at K and K’, respectively for the red 
(633 nm) and green laser (532 nm) excitation wavelengths. The black and blue arrows show the 
resonant k-vectors for the outer and inner processes, respectively. These vectors pick out the 
phonon iso-energy contours shown in (b) and the phonon q vectors in (c) shown both in a top 
view (top) and a crosscut (bottom). If the phonon dispersion does not fully match the electronic 
dispersion, there will be an energy difference between the inner and outer phonon, here shown as 
the outer resonance having higher energy. The dashed line in the cross cut qualitatively depicts 
the change in phonon dispersion with increased screening. The Δq addition to the q vectors 
represents the added length with increased screening due to the change in Fermi velocity and 
therefor the iso-energy contours. 
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Intensity, and inner and outer processes  
Generally, a high density of vector nesting creates a stronger Raman peak. This 
would indicate that the outer process, with flatter parts of the trigonal warping of the iso-
energy contour matched by the phonon contour, has a stronger contribution to the Raman 
spectra than the inner process12. However, calculations including quantum interference 
and the q-dependent scattering matrix elements of the phonon intensity have shown that 
the inner process dominates despite the stronger vector nesting for the outer process. Our 
results show the 2D1 peak with the strongest intensity at the lowest doping level. A higher 
2D1 intensity has also been observed experimentally previously on both suspended and 
hBN encapsulated19 graphene. Based on the observed and predicted higher intensity for 
the inner process for pristine graphene, we tentatively assign the 2D1 peak as originating 
from the inner process, and show below how this assignment is supported by the results. 
Figure 4.5 (c) illustrates this assignment by demonstrating how the inner phonon can be 
the lowest phonon energy. From previous work we know that the inner phonon vector qi 
is larger than the outer vector qo, but the inner KG phonon dispersion is flatter than the 
steeper, outer KM phonon branch, as illustrated schematically in Figure 4.5(c). It also 
shows that the outer phonon branch has a high enough slope to result in a higher phonon 
energy.  
Intensity behavior as a function of charge has not yet been explored theoretically. 
We suggest that the observed switch in intensity from 2D1 to 2D2 with increased charge 
screening may be an effect of changing wave vectors and phonon energies that will affect 
both the scattering matrix terms in the numerator, as well as the denominator of the 
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Raman intensity scattering expression[ref], which will change the relative strengths of the 
2D1 and 2D2 peak due to quantum interference. Regardless of the cause for the intensity 
behavior of the two 2D peaks, it is clear that added charge to graphene in hBN changes 
the dominant intensity from the 2D1 peak (inner) to the 2D2 peak (outer) with increasing 
charge.  
Linear dispersion model 
The key to the split of the 2D peak into 2D1 and 2D2 components and their 
linewidths is the ratio of the phonon velocity vph to the Fermi velocity vF for the inner and 
outer process. Using the DR mechanism and the simplifying assumption of perfectly 
linear electronic and phonon dispersions around the K and K’ points (but with different 
slopes for the inner and outer directions), and using vph << vF, we have  
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where q is the phonon momentum in cylindrical coordinates originating at the K-point, 
0D
w  is the D phonon energy at the K point (q=0), h is Planck’s constant, and c is the 
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speed of light. The subscripts i and o refer to the inner and outer phonons, respectively. 
Equations 4.2–4.5 illustrate that the phonon energies, Eqn. (4.2); the dispersion with laser 
energy, Eqn. (4.3); the peak split, Eqn. (4); and the linewidths, Eqn. (4.5), all depend on 
the ratio of the phonon to electron velocity in the inner and outer scattering processes. We 
use the results from the two laser lines to find the shift with laser energy, ∂ω/∂EL, of the 
2D1 and 2D2 band for “pristine” and charged graphene and use Eqn. (3) to determine the 
velocity ratio. For 2D2+, the low intensity peak at CNP, the slope is 120 cm-1/eV, while 
the other ratios fall in the range of the values reported for graphene and carbon nanotubes 
~88–110 cm-1/eV. Using these ratios, we can also calculate
0D
w , the phonon energy at the 
K point, which in turn can be used to determine how the phonon velocity changes with 
screening along the KG and KM directions. The results are tabulated in Table 1. The 
linear approximation gives the “local” slope between the phonon wave-vectors selected 
by the green and red laser. Hence, the different values of 
0D
w are a reflection of the local 
slopes. The phonon dispersion near K has a negative second derivative, so the actual
0D
w , 
which is the same for both the inner and outer process, will be below or equal to the 
smallest tabulated value, 1214 cm-1. 
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Table 4.1: Extracted values for the lower and higher 2D energy peaks. The ± signs denote the 
“pristine” and charged Raman response, where “pristine” results are left unshaded and denoted 
with (+). Dw denotes the difference of the measured ½w2D and the extracted value of 
0
 Dw at the K 
point (q = 0). Note that 2D1 has overlapping values for 2D1 pristine and charged graphene, but 
that the increased charge causes an increase in the q vector, q1 + Δq1, which indicate a lower 
phonon velocity. 
 
Here we are using a scaled x-axis, where instead of q, we are plotting the phonon 
dispersion versus , / 2i F ix q v cp= , which is directly measurable without knowing vF. This 
gives the exact scaled q values for i=1–4, i representing red and green laser for uncharged 
and charged graphene, respectively.  
Both linear models (local slope, versus common
0
 Dw ) exhibit the crossover in 
dispersion attributed to screening of the phonon dispersion, illustrated in Figure 4.5 (c). 
The change in the local phonon dispersion with increased screening has been predicted 
by comparisons between the phonon dispersion using the GW approach for screened 
interactions, and density-functional theory that represents unscreened interactions22. The 
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increase in 
0
 Dw and decrease in phonon velocities with increased charge is a direct 
indication of lifting of the K-point Kohn anomaly due to screening and a weakening of 
EPC.  
Phonon energy versus charge density  
The crossover in phonon dispersion illustrated in Figure 4.5 (c) is a direct result of 
the observed decrease in 2D2 peak energy as the peak-split between 2D1 and 2D2 
decreases shown in Figure 4.3 (a) for l=532 nm. The response of the 2D2 phonon energy 
to decrease with increased charge is counterintuitive, since increased screening lowers the 
Fermi velocity and increases the DR selected q vector from q to q + Dq which typically 
corresponds to a higher ωD. The linear models above demonstrate that the decrease in 2D2 
with increased charge is due to a crossover of the unscreened and screened phonon 
dispersion, as seen in calculations. The observed decrease in the phonon velocity and 
increase in 
0
 Dw with charge (see Table 4.1), necessitates a crossover between the 
unscreened and screened phonon dispersions. The dispersion crossover under different 
charge screening conditions enables the decrease in phonon energy on the outer branch, 
while the slope and crossover of the inner branch conspires to yield a basically 
unchanged 2D1 phonon energy as indicated by the two q values, qi and qi + Δqi. The 
reduction of the phonon velocities is commensurate with lifting the Kohn anomaly at K 
with charge screening. The significant decrease in peak splitting for l=633 nm compared 
to l=532 nm from 15 to 4 cm-1 for graphene near the CNP, is indicative of a sub-linear 
dispersion (negative second derivative) of the inner branch, as expected. 
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Linewidths  
As indicated in Eqn. (4.5), the linewidths of 2D1 and 2D2 are not indicative of the 
phonon lifetime, but rather determined by the narrow width δqi,o of the Raman active 
phonons, and the slope of the phonon dispersion. The δqi,o is proportional to the width of 
the electronic dispersions, gi,o, since it maps to the active phonon contour via the DR 
mechanism. The active phonon contour is mapped almost perfectly to the triangularly 
warped iso-energy phonon contour with the “corners” pointing towards G rather than M. 
The width in the KG direction (inner) dqi has been calculated22 to be significantly broader 
than dqo. On the other hand, the inner phonon dispersion is shallower. For the outer 
process, the roles are reversed; the flat sides of the phonon dispersion towards the M 
direction have a narrow active phonon contour, δqo, but the phonon dispersion slope is 
significantly steeper, so it is not obvious if the inner or outer phonon widths are broader. 
The “pristine” graphene corresponds most closely to the phonon calculations, and we can 
use the measured linewidths and the tabulated results from Table 4.1 to check the 
assignment of 2D1 as the inner process. The measured linewidth δωi,o is proportional to 
the active Raman contour width δqi,o and the phonon dispersion slope, given by the 
phonon velocity vph,io. Hence, we have the ratio , , ,
, , ,
17 135
21 110
i i ph o F o F o
o ph i F i F io
v v vq
q v v v
d dw
d dw
= × = × × »  
where we have used Eqn. (4.1) and (4.5). Since the Fermi velocity in the outer direction 
is larger than the inner, the width of the active phonon contour is larger in the inner 
direction, as calculated. The opposite assignment reverses the relative contour widths. 
This further supports the assignment of 2D1 as originating from the inner process. 
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The linewidth evolution with increasing charge is interesting, since there are two 
competing behaviors. From Eqn. (4.5) we have that the width is proportional to both the 
electronic linewidth g, and the velocity ratio, , , , ,( / )i o ph io F io i ov vdw gµ × . As charge increases, 
g increase due to e-e interactions, g = geh + gee. On the other hand, the increase in charge 
decreases the phonon to electron velocity ratio, which acts to decrease the linewidths. For 
l=532 nm, the linewidths for 2D1 and 2D2 start almost equal, but 2D2 linewidth steadily 
increases with charge while the 2D1 linewidths surprisingly decrease slightly when 
doping increases to a point that the split is about to disappear (Figure 4.3(b)). The nearly 
constant linewidth of 2D1 is consistent with the constant phonon to Fermi velocity ratio 
(Table 4.1), but would require a smaller relative effect of gee compared with geh , i.e., geh,i > 
gee,i. For 2D2, even with the larger observed decrease in phonon velocity, the increase in 
the electron dispersion line width due to the e-e interactions dqo ∝ geh,o + gee would have 
to have a larger impact on the outer process, given the narrow contour width dqo at the 
CNP, such that geh,o <gee,o and the higher phonon velocity compared to the inner process 
results in a higher and increasing linewidth with charge, dwo µ vph,o gee,o .  
 
DISCUSSION 
The results presented here on hBN encapsulated graphene have both similarities 
and differences to suspended graphene. Both types of samples exhibit a decrease in the 
2D double peak split with increased charge, and the lower energy peak, 2D1, has the 
highest intensity. The screening of the K-point Kohn anomaly with increasing charge has 
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not yet been addressed experimentally on suspended graphene. A significant difference is 
the substantial decrease in the peak split at the CNP for l=633 nm, not observed for 
suspended graphene, where the 2D peak-split stays nearly constant (~13 ± 3 cm-1) over a 
laser energy range from 1.5–2.7 eV21. This indicates that the dielectrically screened 
graphene is less well fit with a linear model than suspended graphene. The peak split
1 22 2D D
w w- between inner and outer phonon energies is proportional to the difference 
between the inner and outer velocity ratio, Eqn. (4), which is constant in a linear model. 
Berciaud et al.21 dismissed the theory of the peaks split originating from the difference in 
the inner and outer 2D phonons based on the linewidth as a function of Laser line energy. 
The phonon linewidth is expected to decrease with lower laser energy, since geh ∝ EL, and 
Berciaud et al.21 observed an increasing linewidth for laser line energies below ~1.7 eV 
for suspended graphene. We note that it is possible that the predicted increase in phonon 
dispersion slope closer to the K point22, probed with lower laser energies, dominates over 
the decrease in electronic linewidth, geh.  
The lifting of the K-point Kohn anomaly with screening observed here is a sign of 
the weakened EPC. Excitation of D band phonons by electrons is a fundamental 
bottleneck for ballistic transport at high fields. Hence, it is possible that encapsulated 
graphene with low and uniform charge screening could have better transport properties at 
high fields than suspended graphene if the screening sufficiently reduces the strength of 
the EPC of the D phonons, without introducing other scattering mechanisms. 
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SUMMARY 
In conclusion, we have used Raman spectroscopy of graphene encapsulated in 
hBN to explore the intrinsic double peaked 2D phonon behavior under charge screening. 
The analysis of the 2D data as a function of 2D1 and 2D2 peak separation removes 
influence of strain, and reveals strong correlations between charge, peak intensities, peak 
positions and linewidths. The peak split can be used to estimate the charge density down 
to ~ 0.5 × 1010 cm-2 per cm-1 2D peak split, an improvement of two orders of magnitude 
compared to use of the G band Kohn anomaly at the G point. Hence, the 2D peak split 
could be very informative to detect low amounts of charge, with the caveat that the peak 
split with charge behavior is known for the particular substrate screening and laser line 
used. The method also reveals information about the origin of the double peak and the 
effect of increased charge, for example the intensity shifts from the inner to the outer 
phonon with increased charge. We associate the lower energy 2D1 peak with the so called 
inner process, and the higher energy 2D2 peak with the outer process. Even the low 
amount of charge puddling found in these samples are enough to significantly alter the 
strength of the D band Kohn anomaly at the K point.  
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CHAPTER FIVE 
STRAIN REDISTRIBUTION IN CORRUGATED GRAPHENE  
– A FUNDAMENTAL CASE STUDY OF 
 STRAIN, FRICTION AND 2D BAND PROPERTIES 
This work is published in Nano Letters, 2015, 15 (9), pp 5969–5975. 
After discussing all the methods of graphene devices fabrication and 
characterization, we then turn our attention to the strain application devices. In previous 
work on pressurizing suspended graphene over holes, graphene sliding behavior and its 
frictional coefficient has been reported and studied. To further investigate the correlation 
between uniaxial strains, friction and sliding/clamping, we created uniaxial strain by 
depositing graphene onto a sinusoidal SiO2 grating and its adjacent flat area. In such case, 
graphene could be held in place by van der Waals force, while uniaxial tensile strain 
could be created when flat graphene when it elongates to conform to the underlying 
sinusoidal structure. This device could also be applied for Smith–Purcell radiation, which 
will be further discussed in Chapter Six. 
 We use atomic force microscope to determine the physical corrugation of the 
graphene on the grating, which gives a geometric estimation of the average strain based 
on the length of the sinusoidal shape assuming no sliding. Raman analysis discussed was 
applied to determine the strain and doping value in each point. Strain dependent friction 
coefficient was then calculated based on the strain value read from Raman spectra. 
To achieve a sinusoidal substrate grating profile, A# sin(5FGHI ),	we introduce a 
novel wet-etch and two-step thermal-growth fabrication process. A schematic view of 
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this process is shown in Figure 5.1. A Si(100) surface is first patterned by electron beam 
lithography with Cr stripes of width W = HI5 – 2A#sin 54.74° 	repeated with periodicity Λ#. A highly anisotropic wet etch in KOH is then used to produce a periodic pattern of 
trapezoidal ridges with á111ñ-oriented sidewalls. The sample is then thermally oxidized 
for 5 hours at 1100 ºC, and as a result the buried Si/SiO2 interface develops a smooth, 
highly rounded morphology (which is attributed to different oxidation rates near the sharp 
corners of the Si ridges23). In particular, with the aforementioned choice for the Cr stripe 
width W, we obtain a highly sinusoidal grating, as revealed by AFM imaging. Finally, a 
second thermal growth is performed in order to coat the corrugated Si surface with a 
conformal SiO2 layer with thickness of 280nm which is optimized for graphene 
visualization. The specific grating samples used in this work have period Λ# =400	nm	and peak-to-peak amplitude	2A# = 55	nm. The microscopic roughness on the 
flat and corrugated substrate is typical for SiO2, 0.2–0.4 nm roughness.  
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Figure 5.1: The full process of transferring graphene onto silicon dioxide grating. This figure 
demonstrates a schematic illustration of the wet etch and two-step thermal growth process used 
for fabricating sinusoidal SiO2 gratings, and optical images of the graphene sample studied in this 
work before and after transfer to a grating. (a) Silicon substrate after electron beam lithography 
and anisotropic KOH etch. (b) Grating sample after the first thermal oxidization step leading to 
the formation of a smooth Si/ SiO2 buried interface. (c) Grating sample after SiO2 removal with 
HF to reveal the sinusoidal surface corrugation. (d) Grating sample after the final thermal 
oxidization growth. (e) Graphene flakes on PVP/Si substrate before transfer. (f) Graphene flakes 
after transfer to a grating. The grating and Raman mapping regions are indicated by the dashed 
boxes. 
 
Single-layer mechanically exfoliated graphene is then deposited onto the 
sinusoidal grating by a pick-and-place transfer method discussed in Appendix A.2. 
Lattice orientation was calculated based on the G+ and G- signal intensity versus the 
incoming and collecting laser polarization. We found that such graphene flake has 
uniaxial strain parallel to its zigzag direction with a small angle of less than five degrees. 
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This angle is sufficiently small such that we can treat the strain as aligned with the zigzag 
direction in the subsequent data analysis. 
AFM data was collected and shown in Figure 5.2. By comparing the height plot 
with the optical image where graphene is on the grating, we found that there are two 
types of colors, which correspond to different corrugation level. The sample regions with 
lighter blue color correspond to graphene with an average sinusoidal corrugation 
amplitude	2A~20	nm, with variations from 18	nm to 25	nm. The dark lines correspond 
to regions where graphene is partially suspended with ~5 nm height variation. Such partly 
corrugated partly suspended behavior was also reported by molecular dynamics 
simulation in a similar case where flat graphene was deposited onto a corrugated surface. 
As the flat graphene flake is deposited onto the grating, the graphene sheet was converted 
from flat to sinusoidally elongation. As the corrugation is much smaller (<10%) than the 
grating periodicity, geometry calculation showed that such elongation will be Δ𝐿 ≈ 𝜋𝐴 5/Λ per period, with maximum strain at the location of the troughs. Thus, 
instead of having a uniform average value ε, the strain in each period would vary 
sinusoidally between 0 at the top and 2𝜀 at the bottom of the grating. That said, the strain 
difference per unit length is then given by _`_G = 2𝜀/(HI5 ). Since the laser spot is much 
larger than each grating period Λ#, the average strain value could be estimated as ε = 𝛥𝐿/Λ# ≈ (𝜋𝐴/Λ#)5. Using the average measured graphene amplitude 2𝐴 = 20	nm, 
we find	ε = 0.62	%, whereas the minimum and maximum corrugation values of 18 and 
25 nm result in a geometrical strain of 0.5 to 0.9%, respectively. Similarly, using the 
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height we measured from AFM and geometric estimation, the less conformed graphene 
resulted is predicted to have a strain of around 0.15% 
 
Figure 5.2: Analyzing corrugated graphene’s property. a: optical image of graphene on grating b: 
Raman map of graphene on grating c: AFM height profile of same position d: a line cut in AFM 
height profile showing height variation in such corrugated graphene. 
 
Since the 2D band Raman peak center is less dependent of doping and more 
sensitive to strain, 2D Raman mapping was applied to show the strain map, which is 
shown in Figure 5.2b. The map also shows how the strain varies between different areas 
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and different degree of strain correspond to different degree of conformation. While more 
corrugated and less corrugated graphene correspond to high strain and low strain regions 
respectively, the strain level in highly corrugated graphene is much less than geometry 
estimation, while the strain much higher than expected for those less corrugated graphene. 
That is to say the strain smoothens out in the entire graphene sample. Such observation is 
consistent with the previous study of graphene partially sliding over the grating, causing a 
redistribution and homogenization of the induced strain. From the multi variable Raman 
analysis, graphene on the flat silicon dioxide substrate is compressed by about 0.11% 
(yellow color in Raman map), which presumably is a result from heating during the 
transfer process Furthermore, there is a ~3	µm wide transition region on the flat substrate 
next to the grating where the 2D peak rapidly downshifts. Such results demonstrate that 
the friction provided by van der Waals bonding between graphene and silicon dioxide is 
not strong enough to fully clamp the graphene on the flat area, such that graphene close 
to the grating is sliding inward. This sliding behavior is also obtained for pressurized 
graphene over small chambers. 
As discussed in Chapter 2.5, multi variable Raman analysis was applied to 
separate charge and doping from the redshift (blueshift) in Raman G and 2D peak centers. 
Raman data was acquired using a 532-nm-wavelength linearly polarized laser. Figure 5.3 
shows the multi variable Raman analysis between the 2D and G band peak centers at 
different locations on the sample. Blue data points are from graphene on the flat area 
outside the grating. Red data points are from the corrugated graphene with the laser light 
polarized along the strain direction, while the green data points are also from the 
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corrugated graphene but with the laser polarization perpendicular to the strain direction. 
It is apparent that there are qualitatively different behaviors in the data points gathered 
from flat and corrugated graphene. The data points from the strained graphene (red and 
green) fall tightly along steep lines with slopes S+ and S-, while the data points from the 
flat graphene (blue) are clustered with a lower slope SQ. As we discussed in Chapter 2.5, 
the deep slopes S+ and S- correspond to strain, while SQ is mostly from the surface doping. 
The two straight lines of slopes S± intersect at w+I,w56I =1581.9	cmh>, 2671.5	cmh> , which we take as the zero-strain G-band Raman peak 
position (triangle pointing up). This is very close to the adjusted value found on 
suspended graphene18, w+Ii,w56Ii = 1581.6 ± 0.2	cmh>, 2669.9 ± 0.7	cmh> , which 
is indicated in Figure 20 (error bar below w+I,w56I ), and also other literature measured 
on suspended graphene. Considering our intersection point is very close to that of the 
pristine graphene, we can safely assume that the affect caused by doping in our 
corrugated graphene is negligible. 
The linear fits to the data give slope Sh 	= 	2.07 ± 0.36	and Sk 	= 	1.33 ± 0.14. 
The difference between our S+ and S- values versus the literature value (S=2.2) 18 is 
believed to be due to the fact that the slope in literature report was given by an average of 
randomized strain and polarization directions, as well as a mixture of doping, while in our 
case is mostly strain along high symmetry directions. The data from the flat substrate has 
more spread, but it is clear that the slope is lower, 𝑆m = 0.37 ± 0.28. The larger relative 
uncertainty of 𝑆mis due to the larger spread of the blue points, indicating that there are 
both local charge and compression variations of comparable magnitude on the flat 
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substrate. We also note that SQ here is substantially lower than the value 𝑆m = 0.75 
reported in the literature, while they were considering significantly higher doping levels 
with data read from the measurements conducted by Das et al.16. on monolayer graphene 
on SiO2, with doping level calculated from changing back gate voltage without ruling out 
the surface inhomogeneous doping effect. Based on their measurement results, the G 
band shift with charge is linear for 𝐸o > qr85 = 0.1	eV or 𝑛 > 0.6×10>5	cmh5, while 
the 2D band varies linearly with charge up to ~6×10>5	cmh5, above which the slope 
increases sharply. Hence, for the regime 0.6 − 6 ×10>5	cmh5, the charge 
vector	 Dw+,Dw56 m is semi-linear. A slope 𝑆m = 0.25 was extracted from this 
measurement. This is close to our measured value (0.37 ± 0.28), especially considering 
the uncertainties in the extracted slope from the aforementioned published data and the 
uncertainty in determination the charge slope discussed above. More work will be done to 
implement this 2D–G relationship caused by small amount (<10>5	cmh5) doping. 
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Figure 5.3: G-2D plot showing 2D band splitting in graphene when strain applies along zigzag 
direction. 
 
The origin of the two completely strain slopes S+ and S± is related to the splitting 
of the two 2D± components under uniaxial strain along a high symmetry direction of the 
lattice14. As mentioned earlier the strain and zigzag directions are closely aligned (within 
5°) in our sample, therefore a noticeable split of the two 2D± Raman peaks was expected. 
In particular, only 2D- component is selected when the polarization is parallel to the 
strain and zigzag direction, P||e||zz, which is shown in the red data points in, and therefore 
the corresponding slope is named S-. Vice versa, when the polarization is perpendicular 
to the strain and zigzag direction, P^e||zz, only the 2D+ peak component is selected, 
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which is the case for the green data points. The violet data points are from the second 
smaller graphene flake on the same grating, measured with polarization along the strain 
direction. We see that the slope is the same but the data points are shifted slightly to the 
right, indicating a slightly larger charge density.  
Since no polarization analyzer is used after the sample, both G± components are 
collected with equal intensity and we obtain their average shift, which can be computed 
as ∆𝜔+ = −𝜔vI𝛾+εG 1 − |ν| = −25.1𝜀y z{|}% . Here we have used graphite’s Poisson 
ratio ν=-0.16, and our previously determined G-band Grüneisen (and shear deformation) 
parameters13 g+ = 1.89 and b+ = 0.70, with corresponding linear shift rates for uniaxial 
strain of ~+ = −	18.7	 z{|}%  , and ~+| = −	31.5	 z{|}% . 
Using the measured slopes S± we can then extract the shift rates for the 2D+ and 
2D- bands versus uniaxial strain along the zigzag axis: ~w0 = 𝑆k× ~w = − 1.33 ±0.14 ×25.1 z{|}% = −33.4 ∓ 3.6 z{|}%  and ~w0| = 𝑆h× ~w = − 2.07 ±0.36 ×25.1 z{|}% = −52.0 ∓ 8.9 z{|}% . From these values we can also compute the 
Grüneisen and shear deformation parameters for the 2D band (again using ν = 	−0.16), 
and we find g56, = 1.90 ± 0.21 and b56, = 0.60 ± 0.31, very close to the G band 
values g+ = 1.89 and b+ = 0.70. We note that these results are obtained for strain along 
the zigzag direction, and might not apply to strain along the armchair lattice orientation 
due to the double resonance mechanism and its dependence on lattice direction (and laser 
energy)14. Reported values from the literature of all the parameters just discussed are 
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tabulated in Table 5.1. Note that under different strain calibration method and different 
selection of Poisson’s ratio, Grüneisen parameter and shear deformation potential could 
result in some substantial different value, as shown in Table 5.1. 
 γ+  β+  𝜕𝜔𝐺k∂ε 𝑐𝑚h>%  𝜕𝜔𝐺h∂ε 𝑐𝑚h>%  𝜕𝜔2𝐷k∂ε 𝑐𝑚h>%  𝜕𝜔2𝐷h∂ε 𝑐𝑚h>%  g56, b56, 
PDMS24 0.69 0.38 5.8 12.8 16.3 29.7 1.16* 0.28* 
SU-821 1.99 0.99 10.8 31.7 64 3.55 N.A. 
Acrylic9 2.2 0.93 14.5 33.4 26 67.8 2.08* 1.34* 
SU8+S1805 
on 
PMMA23 
1.54* 1.20* 9.6 31.4 23.6** 46.8** N.A. N.A. 
Suspended 
pressure22, 
and this 
work 
1.89 0.70 18.7 31.5 33.4 52.0 1.90 0.60 
*derived from literature ** a fixed value under all strain is not indicated 
Table 5.1: List of literature values of Grüneisen parameter and shear deformation potential 
 We then focus on estimating the strain variation within each corrugated graphene 
period by only looking into the narrow and strain sensitive G- band. G- band can be 
exclusively excited by changing the polarization angle of incident and collection laser 
light. In this Raman measurement a linearly polarized 514-nm-wavelength laser with a 
spot size of 0.63 um was applied. As discussed above, with good clamping the strain 
should vary sinusoidally around its average value with period Λ#=400 nm (i.e., the 
grating period). However due to the diffraction limit, Λ# is smaller than the beam size 
(0.63 µm) and therefore the resolution limits us from directly mapping out these 
sinusoidal strain oscillations. However, any strain variation within the laser spot leads to 
a convoluted Raman peak, and therefore can be estimated from the resulting increase in 
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Raman linewidth.  
Figure 5.4 shows an optical image of the graphene flake, and the G- Raman shift 
and linewidth measured as a function of position in the line scan indicated by the white 
horizontal line. Similar to the 2D strain map in Figure 5.2, the strain transition region 
outside the grating is clearly visible, as is the moderate strain variation along the grating. 
Strain(compression) values are again calculated using the Raman G- band shift and are 
plotted on the right vertical axis, which are in perfect match with that calculated from 2D 
band giver the small shift caused by the doping. Figure 5.4 shows the corresponding G- 
linewidth values at each data point we collected. We separate these linewidth data points 
into three groups: from the more conformed regions over the grating (red), from the less 
conformed regions (green), and from the flat substrate region (blue). The same color 
scheme is also used in the colored bands of Figure 5.5. Based on these data, we find that 
there is a correlation between strain and linewidth, which becomes clearer in the 
cumulative distribution function (CDF) plot of Figure 5.5. Three relatively distinct 
regimes corresponding to different strain conditions could be seen in Figure 5.5. Error 
function was applied to fit these CDF distributions for generating the average linewidth 
in each data group. As expected, the more conformed and more highly strained 
corrugated graphene has the broadest average linewidth (9.46 cm-1), flat graphene has the 
narrowest average linewidth (8.58 cm-1), and the less strained corrugated graphene has an 
average linewidth in between these two limits (9.12cm-1). 
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Figure 5.4: Line scan of the Raman G− band on corrugated graphene showing strain and sliding. 
(a) Optical image of the graphene flake. (b) G− peak center versus position along the white line in 
(a). (c) G− line width versus position along the same line. The blue, green, and red boxes in (b) 
correspond to graphene on a flat surface (under compression), partially suspended graphene over 
the grating (under low tensile strain), and highly conformed graphene over the grating (under 
higher tensile strain), respectively. The same color scheme is used for the data points in (c). 
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Figure 5.5: Statistical analysis of the G− Raman data taken on corrugated graphene. (a) 
Cumulative distribution function (CDF) plot of the G− line widths measured with the three data 
sets in Figure 22c: flat graphene (blue), partially suspended graphene (green), and highly 
conformed graphene (red). The data are fitted with the error function giving the average line 
widths 8.58 ± 0.42 cm−1, 9.12 ± 0.29 cm−1, and 9.46 ± 0.36 cm−1 respectively. (b) Calculated 
G- line width broadening caused by sinusoidal strain oscillations within the laser spot, as a 
function of the peak-to-peak strain variation. The indicated strain values correspond to the 
measured average line widths from (a). 
 
These results are then used to estimate the local strain gradient in the corrugated 
graphene, by convolving a strain redistribution with sinusoidal function of period Λ#=400 
nm with a Gaussian laser beam of width 626 nm (the spot size we measured). The 
resulting G- line broadening calculated as a function of the strain peak-to-peak variation 
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De is plotted in Figure 22b, where we have taken the value of 8.58 cm-1 measured from 
the flat substrate region as the Δε = 0 baseline. If we attribute 100% of the measured line 
broadening to strain variations, we find from this plot that in the conformed graphene 
regions Δε = 0.062%, as indicated by the red point in Figure 22b. The corresponding 
strain variation per unit length is De#.L = #.#5%#.5µ = 0.31 % for an average strain e ≈ 0.5% 
(derived from the red band of Figure 5.5b). This value is substantially lower than the 
estimate from the perfect clamping model discussed above, eHI = 5 %,	which 
demonstrates once again that graphene slides significantly to redistribute strain. For an 
absolute upper limit of the strain variation, we should use 6.5 cm-1 (pristine graphene) 27 
as the Δε = 0 base line in Figure 22b. The same procedure above would then yield Δε = 
0.11% in the conformed corrugated graphene, corresponding to a strain gradient of 0.55 % (still much smaller than the geometric estimate). In any case, we can argue that 
this upper limit significantly overestimates the strain contribution to the linewidth 
because of the difference in charge on the flat substrate and the grating (Figure 5.2). With 
Fermi energy EF within or close to ± q85 , G phonons decay into electronic excitations 
causing a broader homogeneous linewidth10 of up to ~ 16 cm-1. Based on the measured 
charge density, the estimated Fermi level position for the corrugated graphene in our 
sample is ~ − 0.15	eV, close to ± q85 = 0.1	eV, while 𝐸o > 0.2 for the flat graphene. 
Hence, the homogeneous linewidth on the grating could be even larger than 8.58 cm-1, 
which would result in an even smaller strain variation than the value of 0.062% estimated 
here.  
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Note that the graphene on the right end of the upper larger graphene flake is 
folded to double layer. From Raman and AFM result we also noted that that end is also 
anchored on the overall geometrically small-varying grating. This demonstrates that the 
gentle grating corrugation does not affect the friction for single and bilayer graphene. 
Using the strain differential between each horizontally adjacent Raman data points along 
the strain direction, we extract the friction f from the measured local slope De
DG for both 
bilayer and single layer graphene (from Figure 5.6), and the results are plotted versus the 
corresponding strain values in Figure 5.5. In general, the friction behaviors for monolayer 
and bilayer graphene are very similar, and such behavior is only when the thickness 
increases to trilayer and beyond that the bending rigidity due to the local microscopic 
corrugation begins to have an impact. An approximated predicted fitted line reported 
from the literature, which is proportional to >
e
, is also plotted in Figure 5.6. Our results 
showed perfect agreement with the reported behavior. On the right axis in Figure 5.6 we 
also indicated the corresponding value of friction, De
DG versus strain, to highlight that there 
is a maximum strain variation per unit length that can be sustained by the substrate 
friction. The data point based on the upper strain variation estimate from the G- linewidth, 
0.31% strain/µm, is also included in this plot (purple diamond), consistent with the elastic 
analysis, albeit on the high side for the reasons discussed above. The decrease in friction 
with increasing strain observed in Figure 5.6 can be explained as a result of decreasing 
surface contact area when graphene sheet was pulled under uniaxial strain. For zero strain, 
graphene can conform very well to the underlying substrate surface morphology, 
  
58 
including any microscopic roughness. Strain however smoothens out the graphene sheet 
and hence reduces the contact area. Such strain dependence of the friction clamping could 
be an issue for strain engineered devices, although it could be reduced with a flatter 
substrate surface.  
This device, with corrugated graphene under certain periodicity, could be also be 
used as laser radiation source in terahertz regime, which will be discussed in more detail 
in Chapter Six. 
 
Figure 5.6: relationship between friction and strain value. Dashed black lines are generated from 
results reported by Kitt et al.15. 
 
As discussed in previous text, the source of the friction between graphene and 
silicon dioxide is a result of the Van der Waals bonding between graphene and silicon 
dioxide. As a result, friction between graphene and its supporting substrate is highly 
dependent on the Van der Waals interaction. To precisely engineer the friction, surface 
salinization was applied to silicon dioxide substrate to change its hydrophobicity and 
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furthermore change its interaction between graphene and silicon dioxide.  
To fine tune the surface hydrophobicity, different treatment was used to make 
silicon dioxide hydrophilic or hydrophobic. Contact angles (defined as the angle between 
the substrate and the tangential line in the contact point of a negligible size of water 
deposited on the substrate) was measured to evaluate how much the treated surface repels 
alien molecules. Piraña solvent bath was applied for making substrate hydrophilic, 
leaving a contact angle less than 2°, while the contact angle of non-treated silicon dioxide 
is around 50° while Bis(trimethylsilyl)amine (HMDS) coated silicon dioxide leaves an 
angle of around 95° after silicon dioxide was exposed to HMDS vapor. Experiments have 
also shown that any contact angles between hydrophilic (<2°) and highly hydrophobic 
(around 95° after HMDS treatment) could be achieved by degrading the hydrophobic 
HMDS treated silicon dioxide under exposure to infrared lights. To study the friction 
between graphene and silicon dioxide under different degrees of surface salinization, 
graphene will be deposited onto silicon dioxide gratings as previously discussed under 
different salinization process. Preliminary results have shown that there is almost zero 
strain for graphene deposited onto corrugated hydrophobic treated grating substrate, 
shown in Figure 5.7, which proves our hypothesis. Further experiments on how friction 
behaves on all different substrates will be conducted. 
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Figure 5.7: Effects on graphene’s strain value caused by surface salinization. Salinized 
(hydrophobic, shown on the right) surface tend to be more slippery than samples without 
treatment. 
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CHAPTER SIX 
GRAPHENE TERAHERTZ RADIATION AND PLASMONIC DEVICES 
6.1 Graphene based Terahertz Radiation devices 
Cyclotron-like radiation will be generated as the momentum of electron changes 
when electron travels along a corrugated trajectory (Figure 6.1). This effect could also 
apply to corrugated graphene, as the electron gas flows within the graphene plane. 
Simulation result shows that terahertz regime radiation could be achieved even under 
room temperature with a properly designed corrugation period and amplitude10. With 
high mobility and linear dispersion relation in graphene, the application using graphene 
will create narrow band radiation. Frequency and power of this radiation follows24: 
𝑓 = 𝑣#Λ	 
𝑃 = 4𝜋𝑞53𝜀#𝑐 𝐴5𝑣#Λ  
With a typical Λ=400nm at Fermi velocity 106cm/s, we could achieve radiation 
frequency of 2.5THz using graphene. Since the power is proportional to 𝑣#, a sample 
with high Fermi velocity is preferred. Thus, we choose graphene as the material for 
generating radiation. 
The devices discussed in Chapter Five is designed for such purpose. Graphene is 
deposited onto corrugated substrate using transfer method discussed in Appendix A.2. 
However, such devices require high electron mobility for coherent monochromatic 
emission spectrum, which is still limited by the polymer residue in our transfer process 
which exposed both sides of graphene to polymers. 
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Figure 6.1: Schematic illustration of the corrugated graphene geometry studied for THz light 
generation. 
 
Instead of placing the graphene on a corrugated substrate, which might lead to 
unexpected cracks in graphene, another approach to this experimental setup is to 
substitute the corrugated substrate with periodical hole arrays (Figure 6.2). Another thin 
layer of h-BN liner could also be inserted on top and under the graphene sheet to increase 
its carrier mobility. The periodic change in dielectric constant of the supporting substrate 
will lead to a similar effect when electron gas moves along and being periodically 
perturbed24,25. Schematic view of the device is displayed in Figure 6.2. Both CVD 
graphene sheet with large coverage and graphene encapsulated in hBN are applied for 
this study, with the latter device also being studied in the Raman behavior under low 
doping variation conditions. 
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Figure 6.2: Graphene on periodic hole array for terahertz frequency light generation. (a) 
Schematic illustration of the sample geometry investigated in this work. (b) Close-up image of 
the hole array of (a), with a pictorial definition of some of the key parameters used in the 
simulations. 
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6.2 Graphene Plasmonic Devices 
Incidentally, the previously discussed basic geometry of Figure 6.2(a) can also be 
used to produce radiation through the excitation of graphene plasmon polaritons (GPPs), 
in the conductor and their subsequent out coupling via diffraction by a similar setup of 
grating. This approach has also been experimentally demonstrated at THz frequencies 
with high-mobility semiconductor heterojunctions, where the plasmonic oscillations were 
excited through the decay of hot electrons injected with a large bias voltage. More in 
general, GPPs provide a promising platform to extend the reach of plasmonic science and 
technology to longer and longer wavelengths. 
Furthermore, because the carrier density of graphene can be controlled through 
the application of a gate voltage, the plasmonic dispersion curves and resonance 
wavelengths are in principle dynamically tunable, which can add significant flexibility 
and functionality for device applications. As a result of these favorable properties, GPPs 
have become the subject of extensive theoretical and experimental studies in recent years. 
Several device applications have also been proposed and investigated, such as 
photodetectors, optical modulator and light emitters.  
Inspired by the previous experimental attempts for graphene terahertz radiation 
devices, we consider a simple and more experimentally feasible configuration for the study 
of THz GPPs to further protect the graphene from any additional damage. A continuous, 
large-area graphene sheet coated with a periodic array of metallic nanoparticles (NPs) is 
applied to avoid any collapse in suspended graphene structure. Nano-particle gold pillar 
are deposited onto millimeter size CVD-grown graphene samples with periodicity of 1 to 
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10 microns and pillar size approximately 40%~60% of the periodicity are fabricated 
followed by measurements done in Fourier transform infrared spectroscopy (FTIR). The 
experimental setup, along with the fabricated devices and calculated resonance frequency 
based on the geometry, are shown in Figure 6.3. 
 
 
Figure 6.3: Graphene with periodic nano-particle metal plate array for terahertz frequency 
plasmon generation. (a) Schematic illustration of the device geometry investigated in this work. 
(b) Top-view optical micrograph of a device with array period = 6 μm. (c) Calculated resonance 
frequency of grating-coupled GPPs, plotted as a function of carrier density N for different values 
of periodicity. 
 
Strong plasmonic resonances are measured via transmission spectroscopy, 
associated with the diffractive scattering of the incident light by the NP array into GPPs. By 
varying the array period, the frequency of these grating-coupled plasmonic excitations can 
be tuned across a wide portion of the THz spectrum. For this purpose, Raman microscopy 
is employed to study the local carrier density behavior as a function of position in detail, 
which is discussed in Chapter 3. 
The Raman results show a large variance across the sample area for fixed gate 
voltage under room temperature. Since the oscillator strength for light absorption by GPPs 
also depends on carrier density, the plasmonic absorption spectrum measured across the 
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entire sample at each gate voltage is dominated by the regions where such oscillator 
strength is maximum.  
The measured resonance frequencies results are shown in Figure 6.4 with further 
details discussed in ACS Photonics, 2017, 4 (8), pp 2011–2017. Even though are in good 
agreement with the standard model for the GPP dispersion, are found to exhibit a much 
weaker dependence on back-gate voltage than expected based on the same model, even as 
the average carrier density in the graphene sheet is increased to relatively large values of 
several 1012 cm-2. The key conclusion is that control of the carrier density uniformity is 
crucially important, especially in large-area samples, in order to take full advantage of the 
dynamic tunability of GPPs.  
 
Figure 6.4: Normalized transmission spectra of two devices with array period Λ = 1.5 µm (a) 
and 5 µm (b), for different values of the gate voltage Vgs – VCNP. The arrows indicate the 
transmission dips due to grating-coupled GPP excitation. The inset in each panel shows the 
frequency of minimum transmission (obtained from a Gaussian fit to the experimental data) as 
a function of carrier density (estimated from Vgs – VCNP using the gate capacitor relation). 
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CHAPTER SEVEN 
CONCLUSION AND SUGGESTED FUTURE WORK 
In sum, we have achieved a complete process from fabricating graphene devices 
to full characterization and being applied for photonics devices. High quality graphene 
(both exfoliated and CVD grown) could be transferred onto arbitrary substrate without 
damaging its quality. Details of graphene quality, including defect density, strain and 
doping, could be fully interpreted from Raman spectra taken at any point.  
Suggested future work will mainly focus in the following three aspects: 
1. Strain engineering study 
Graphene’s friction on different level salinized silicon dioxide substrates 
can be studied. With better understanding of the friction between graphene and 
silicon dioxide, a better strain engineering approach could be achieved for 
pseudomagnetic field study, especially using the application of MEMS to 
precisely engineer any inhomogeneous strain including torsion, biaxial 
components that are relatively hard to control. 
2. Graphene plasmonic devices for THz radiation 
High quality large coverage CVD graphene devices have been fabricated 
for THz project in collaboration with Professor Roberto Paiella’s group. Similar 
devices with higher mobility graphene, especially graphene encapsulated in hBN, 
are expected to perform significantly better. New devices using encapsulated 
graphene can be fabricated and studied to extend our understanding in graphene 
photonics devices. 
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3. Fundamental study of graphene’s 2D band behavior under low 
doping level 
Our study in graphene’s 2D band behavior under sub-Kohn anomaly 
regime has shown that the 2D band split is a more sensitive tool to analyze the 
doping value even at low doping level with in sub Kohn anomaly regime. 
However, more study is needed to correlate the doping value qualitatively with 
the split and line shape in such low doping regime. This will require TEM for 
precisely measuring graphene’s doping value in sub 1010cm-2. 
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APPENDIX 
Appendix A: Graphene Devices Fabrication Process 
A.1 Graphene exfoliation 
Mechanical exfoliated is being used by almost all graphene research groups in 
every corner in the world. Highly oriented pyrolytic graphite is placed on scotch tape 
with being folded to reduce its thickness. The tape, after being adhered on silicon dioxide 
substrate, is then being peeled off carefully and slowly (typically <1cm/minute along the 
peel off direction) at an angle fully against the wafer. Thin layers of graphene will be 
randomly left on top of the silicon dioxide surface due to a relatively stronger van der 
Waals force provided by the relatively smoother silicon dioxide surface than interlayer 
force between graphite. Single layer graphene on proper thickness of silicon dioxide can 
be identified by bare eyes due to thin film interference – the slight color change from the 
additional optical distance provided by graphene will be noticed in color regime where 
the color changes the most, with typically pink color seen under microscope. For standard 
thermally grown silicon dioxide on silicon substrates, such color typically corresponds to 
a thickness of approximately 300nm (mostly commonly used) or 90nm. The size of such 
exfoliated single layer graphene is typically around tens of microns with the maximum 
size ever achieved in the size of approximately millimeter. 
Exfoliated graphene is one of the most reliable ways to fabricate high quality in 
lab use. When exfoliated over holes, graphene sealed holes are leak tight and therefore it 
could be applied as an atomic size level balloon5 or strain study when graphene is 
pressurized. Electrical property measurement is also conducted on this mechanical 
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cleavage graphene by depositing noble metal electrodes on both ends through stencils. 
The mobility of intrinsic graphene is predicted to be in the order of 106-7cm2/Vs, while 
typical electrical mobility values in the order of 103 to 104 cm2/Vs was measured on 
natural exfoliated graphene placed on silicon dioxide due to the scattering of electrons 
caused by optical phonons of the SiO2 substrate.  
However, even with such outstanding electrical property, the location of natural 
exfoliated graphene is random without control, shown in Figure A.1. The random 
unpredictable location of graphene significantly limits its application. 
To overcome such limitation, various techniques have been developed to transfer 
exfoliated graphene onto arbitrary substrate. This is extremely useful when the target is 
not atomically smooth – which means it has relatively less contact area with the tape and 
as a result the adhesion force between graphene and target substrate will be too small to 
hold down graphene during standard exfoliation process. Three most useful and widely 
applied transfer techniques will be discussed in the next three sections, discussed in the 
order of progression from both sides contaminated by polymer to free from polymer 
contamination. 
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Figure A.1: Graphene exfoliation. Top: a typical example of graphene (and graphite) exfoliated 
on silicon chip (with silicon dioxide layer which has been optimized for visualization). The single 
layer graphene has been pointed out in the circle. Bottom: Zoom in region of the circle in the 
upper figure. Contrast has been boosted to help visualization. 
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A2 Pick-and-Place  
– Transferring graphene with both sides exposed to polymer 
The atomically flat graphene may have very high fidelity sticking to its 
exfoliation substrate. The Van der Waals force between graphene and its exfoliation 
substrate might be challenging for picking it up and re-placing it to the other target 
substrate. Taking that into consideration, exfoliating graphene on sacrificial layer 
followed by picking up will help to transfer graphene onto arbitrary substrate.  
In this particular application, we exfoliate graphene over water-soluble polymer 
followed by adhering thermal release polymer as well transparent flexible transfer stamp 
on top. Graphene remains on the movable transfer stamp as water-soluble polymer is 
dissolved, followed by alignment and thermally releasing graphene to the final target. 
Experimental details are discussed in in Figure A.2. We first exfoliated graphene on 
water-soluble polymer Polyvinylpyrrolidone (PVP). By sticking a thermal release layer 
methyl methacrylate (MMA) coated transparent Polydimethylsiloxane (PDMS) block on 
top of the graphene, the graphene can be picked up after dissolving the water-soluble 
polymer. By aligning the PDMS block using a micro-positioner, graphene can be 
transferred onto arbitrary substrate after proper heat beyond glass transition temperature 
(below melting temperature) was applied. Raman spectra on transferred graphene showed 
that no defect was introduced after this transfer process. 
Even such method gives us high yield of graphene transfer, AFM data showed 
that the thickness of the transferred graphene (4nm) is much higher than expected (<1nm), 
which is an indication of residue layer trapped between graphene and silicon dioxide and 
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is believed to be the residue of the sacrificial water-soluble polymer. Literature also 
suggested that the water-soluble polymer will inevitably interact with graphene26, such 
that this process will leave a residue layer trapped under graphene that can neither be 
dissolved nor be easily removed under room temperature by other methods. Even though 
the water-soluble polymer could be completely removed after thermal annealing at 
approximately 200 °C, the relatively large thermal expansion coefficient mismatch 
between graphene (which shrinks under heat) and transfer pad (which can easily expand 
under heat) leave inevitable wrinkles in graphene which significantly reduce graphene’s 
quality, both mechanically and electrically. The thermal annealing also fails if it is done 
after graphene is transferred – the water-soluble polymer, which is trapped between 
graphene and silicon dioxide, evaporates in the thermal annealing process and destroys 
the graphene. Similarly, the top side of graphene will also be contaminated when being 
released from the transfer stamp. Even though the mechanical effect of such residue is 
negligible comparing to graphene’s ultra-strong mechanical property, the electrical 
mobility will be inevitably reduced.  
In order to preserve graphene’s outstanding electrical property, another transfer 
technique which at least will preserve one side of graphene uncontaminated will be 
needed. 
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Figure A.2: Pick and place transfer method for transferring exfoliated graphene. 1: graphene 
exfoliated on water-soluble polymer PVP 2: PDMS block stamped on graphene 3: PDMS block 
picked up by glass slide after dissolving PVP 4: Graphene aligned to target position 5 and 6: 
transferring and cleaning. 
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A3 Aligned transfer 
– Transferring graphene with one side exposed to polymer 
The other technique is being use to transfer graphene was first reported3 in 2008. 
Graphene is exfoliated on thermal release polymer then transferred faced down. 
A transferred example is shown in Fugure A.3. Experimental details are 
illustrated in Figure A.4. Graphene is first exfoliated onto Poly(methyl methacrylate) 
(PMMA), a polymer widely applied in graphene transfer, stacked on sacrificial water-
soluble polymer. After dissolving the sacrificial water-soluble layer, PMMA layer will be 
free standing with exfoliated graphene facing top. By properly handling this PMMA layer 
after flipping over, the graphene will be transferred onto the target substrate with the 
uncontaminated side facing down. Picture of experimental setup is shown in Figure A.5. 
This technique ensures that the bottom side of the transferred graphene is pristine 
throughout the entire transfer process, while the top side could be cleaned by organic 
solvent bath followed by annealing. Raman spectra on transferred graphene showed some 
gentle defect was introduced presumably caused by the heating. 
The advantage of this method is that it will keep one side of graphene free from 
contamination caused by any polymers. The top side of graphene, which is the side 
touches the polymer, can be further cleaned by thermal annealing at approximately 300 to 
400°C with argon and hydrogen flowing, with typical recipe of 50 standard cubic 
centimeter per minute (sccm) Hydrogen and 2000sccm Argon at 300–340°C for 30 
minutes according to residue amount. The mobility data was promising with our 
measured value up to 8000cm2/Vs under room temperature, very close to that of natural 
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mechanical exfoliated graphene which is in the order of up to several 104cm2/Vs. 
Even though this transfer technique gives us remarkable mobility, the cleanliness 
of the top side of graphene is still an issue for gaining the best graphene quality. Handling 
graphene by some clean, insulating and atomically flat material may help us to achieve 
our goal. 
 
Figure A.3: Align transferring exfoliated graphene onto 4-probe pre contacted sample. Top: 
graphene before being transferred. Bottom: graphene after being transferred and placed on top of 
the electrodes. Scale bar: 10 microns. 
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Figure A.4: Schematic view of align transferring exfoliated graphene. a: graphene exfoliated on 
PMMA stacked on water-soluble layer PVP. b: graphene on PMMA film after dissolving PVP 
layer. c and d: the graphene on PMMA was picked up by transparent PDMS block and then 
flipped down. The graphene was then aligned to the target position (in this case the gold contacts). 
e and f: aligned transferred graphene after cleaning. 
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Figure A.5. Experimental details of aligned transferring 2D materials.
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A4 Two-dimensional material hetero structures  
– Encapsulating graphene free from polymer contamination 
Another two-dimensional material, hexagonal boron nitride (hBN), became 
another heated topic in the recent decade. With a very close lattice parameter with 
graphene and atomically flat surface and insulating property, it has recently been widely 
applied as an ideal substrate replacing silicon dioxide3. The atomically flat surface, 
comparing to the relatively atomically rough silicon dioxide substrate, made the Van der 
Waals interaction between graphene and hBN much higher than graphene and silicon 
dioxide3, with an order of magnitude better roughness (0.2nm roughness rms on silicon 
dioxide, while 0.05nm roughness rms on hBN). The stronger interaction made it possible 
to use an atomically flat hBN to pick up graphene, or vice versa, to use graphene to pick 
up hBN from the atomically rough silicon dioxide. This pickup mechanism made it 
feasible to build up two-dimensional material heterostructure stacks with many layers of 
two-dimensional materials, which could significantly change or improve the electrical, 
optical properties, or even open up band gap. 
Surface doping inhomogeneity significantly reduces the mobility of graphene. 
Even though transistor based on suspended graphene can be fabricated and measured, the 
fabrication of such device is so challenging that it either requires a lot of manpower 
(directly exfoliating graphene on two suspended electrodes) or requires critical point 
drying to etch away sacrificial substrate which could still potentially involve 
contamination or even break the entire graphene device. Ground supported graphene 
devices is necessary in most experiments. Graphene on atomically flat insulators such as 
  
80 
hBN will rule out most of the doping inhomogeneity, while still providing a ground 
support of graphene. 
To build 2D material heterostructures, a top layer (larger than the material that 
will be picked up) on the polymer transfer pad is prepared by exfoliation. A slow and 
throughout adhesion helps to stick the layer to be picked up, and a release can bring it up 
from silicon dioxide. The stack could either land on a bottom 2D material layer to finish 
the encapsulation process or pickup another 2D material layer to continue the stacking. 
The heterostructure could be fabricated by repeatedly picking up the two-dimensional 
materials one after another by taking advantage of the strong Van der Waals interaction 
between each other, shown in Figure A.8. The top 2D material layer, which typically is a 
few layers thin hBN, is exfoliated on PMMA stacked on sacrificial water-soluble 
polymer PVP, which is similar to the method described in Chapter 3.3. After the water-
soluble polymer was dissolved, the free standing PMMA layer with few layer hBN on top 
will be placed on a transparent PDMS block. This PDMS block, with the few layer hBN 
facing down, is then aligned and stuck onto the second target two-dimensional material 
layer, which in this case is single layer graphene. By slowly peeling off the PDMS block, 
graphene will be sticking to the hBN block due to the stronger interaction. This process 
could be done repeatedly to achieve almost any heterostructure combination.  
An image of such heterostructure is shown in Figure A.6 and Figure A.7. The 
mobility of encapsulated graphene, with both side covered by hBN, could easily achieve 
104cm2/Vs 3 and up to 105cm2/Vs 11 which gave us electrical performance orders of 
magnitude better than that on silicon dioxide for samples both we got and from literature. 
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Figure A.6: A hBN-graphene-hBN heterostructure 
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Figure A.7: single layer MoS2 encapsulated in between hBN layers 
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Figure A.8: 2D material heterostructure fabrication method. Top image a: hBN top layer 
exfoliated on PMMA layer stacked on water-soluble PVP layer. b: PMMA was picked up by 
transparent PDMS after dissolving PVP. c: top hBN layer was aligned to in full contact with 
another graphene layer. d: graphene picked up by top hBN layer. Note that c and d could be done 
repeatedly using graphene to pick up hBN, or vice versa. e: the stack is stamped on the bottom 
hBN layer. f: 2D material heterostructure after cleaning. 
 
As the dielectric screening increases when graphene is encapsulated in insulating 
materials such as hBN, the Fermi velocity is expected to be reduced27. Raman 
spectroscopy is applied to further study its property, which is discussed in Chapter Four. 
Even though it could be very appealing to study the Raman response of such 
encapsulated graphene under different doping value, literatures and our experimental 
approach prove that the laser illumination will also excite defect state in hBN. Any non- 
zero additional carrier in graphene, regardless of electron or hole, will be fully absorbed 
by such excited defect state activated by light illumination. This process happens much 
faster than the Raman signal accumulates to a distinguishable signal out of noise, or the 
maximum speed that a typical piezo stage could possibly move. Considering laser 
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illumination is necessary in generating Raman spectra, how graphene encapsulated in 
hBN behaves under different carrier density remains unclear and require further 
experimental design, presumably Raman spectra measured on top gated devices. 
  
  
85 
A5. CVD graphene – growth, transfer and characterization 
Even with such great mechanical and electrical property, with a typical size of 
tens of microns, exfoliated graphene may not be sufficient for industrial and commercial 
applications. The large coverage graphene grown by chemical vapor deposition (CVD), is 
a more reliable way for industrial applications. Under certain metal catalyst (copper or 
nickel) with the flow of carbon source (typically methane) and hydrogen, graphene can 
be grown on metal catalyst under high temperature (>800°C). Full coverage graphene 
will cover the metal from touching the gas sources which ensures few layer graphene 
growth. The most commonly used metal catalyst is copper foil, where graphene only 
grows as single layer and rarely develop into multi layers. Other metal such as nickel are 
also used but with relatively weaker control in single layer coverage. Literatures have 
reported full coverage graphene with >99% coverage on copper and high mobility 
comparable to exfoliated graphene (~4000cm2/Vs)15 and large crystal graphene with up to 
millimeter size. Even though such graphene has limitations such as unstable edge state in 
grain boundaries or defect caused in growth and transfer process, the large area graphene 
gave us an opportunity to apply this two-dimensional material in industrial usages such as 
touch screen sensors2. 
CVD grown graphene can be transferred to arbitrary material substrates after 
being coated with protecting polymer layer (typically PMMA), float in metal etchant to 
etch away the metal catalyst, and then be placed to the target substrate. Our modified 
method is shown in Figure A.10.  
The graphene on copper, with PMMA coated on the top, will float on the copper 
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etchant thanks to the surface tension. The copper etchant is typically diluted at least by 
half for reducing the etching speed in order to reduce the bubble and wrinkles created in 
the etching process.  
As the copper is etched away, the PMMA film along with graphene (on the 
bottom side facing the copper etchant) will be cleaned by being first transferred onto a 
dummy wafer then released onto copious amount of water. The cleaning is necessary, as 
the copper etchant may remain on the bottom side of the graphene. The thin film can then 
be scooped up by the wafer will be transferred onto. 
In general, the process of scooping up the thin film should be handled extremely 
carefully, as the thin film may be hard to visualize in water and the surface tension may 
easily repel the thin film which results in either damaging the thin PMMA film or failing 
to transfer. 
Right after the thin film is transferred, nitrogen gun is used to gently blow from 
the top of the thin film. This is to help the thin film better conform to the silicon dioxide 
surface without being damaged by the surface tension of the residue water trapped 
between graphene and silicon dioxide in later on drying process. An additional drop of 
PMMA is dropped on top of the thin film to re-dissolve, reshape the PMMA film in order 
to release any residue strain. The sample along with the additional drop of PMMA should 
be left dry overnight for optimized result. The sample will then be heated up on a hot 
plate at 150C for 5 minutes, then cooled down and placed in acetone bath for sufficient 
time to fully dissolve all PMMA cover followed by isopropanol bath and water bath to 
complete the cleaning process. 
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Sometimes the graphene may be required for being post-processed under some 
critical conditions like high temperature >340°C. In this case, the contamination trapped 
between graphene and silicon dioxide may cause damage in such post processes. In this 
case, graphene should undergo a first annealing after being transferred. The best regions 
without too much cracks will be selected for post processing. The graphene is likely to 
stand several more post processing as long as it survives the first annealing without too 
much cracks or defects introduced. The quality of CVD graphene could significantly vary 
from sample to sample. Graphene’s quality might be relating to the cleanliness in optical 
image, crystal size or the defect band intensity shown in Raman spectrum. In general, all 
decent graphene samples appear clean and almost crack free in optical images, with a 
max D band Raman intensity no exceeding than 5% of that of 2D band, or in general no 
more than 10% of the intensity of G band with average doping level. Even though these 
numbers are for reference only, since the doping and other condition might also 
contribute to unexpected change in graphene quality, a low D band signal is always an 
indication of non-damaged graphene. The graphene growth process sometimes results in 
some local multiple graphene layer islands. No mobility data has indicated that it will 
significantly reduce graphene’s overall electrical property, as long as the area of multiple 
layer graphene islands is negligible comparing to the entire graphene area. This is 
because the multiple layer graphene is typically turbostatic rather than natural grown 
double layer. Without a strong interaction between these inter layers, electron will still 
follow the optimized path, thus not affecting the overall electrical property of graphene.  
To improve the quality of graphene with reduced defect density and local 
  
88 
roughness, graphene can also be grown on copper evaporated on sapphire surface28. 
Large coverage CVD graphene with quality comparable to exfoliated graphene can also 
be achieved. Further experiments will be implemented for its electrical property. 
In most cases we use two types of CVD grown graphene throughout our 
experiments. Isolated large crystal graphene grown by CVD equipment with a typical 
size of around 200 microns have a high and reliable mobility ranging from 4000cm2/VS 
to 8000cm2/Vs. Full coverage graphene grown by CVD square have a similar mobility 
but in a much larger coverage. These CVD graphene samples are then applied in our 
graphene based THz lasers using Smith-Purcell radiation and other graphene plasmonic 
devices, which is discussed in Chapter 6. 
Align transferring such large crystal graphene is also feasible. By adding 
alignment markers we are able to identify such isolated graphene and precisely locate it 
to target positions such as gold contacts. This method is also discussed in Figure A.11. 
However, since the copper surface is rough, the graphene surface is orders magnitude 
rougher than the final target (microns v.s. less than 1nm). As excessive amount of strain 
could be introduced as such rough graphene deposits to the final substrate, physical 
damage is somewhat inevitable. This process is not recommended unless the graphene 
has been pre-shaped to a relatively small region (likely tens of microns) such that the 
surface unevenness is negligible, or graphene is grown on extremely flat surface such as 
copper evaporated on sapphire. 
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Figure A.9: CVD graphene transferred onto silicon dioxide substrate. The distance between each 
gold marks is 200 µm. 
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Figure A.10: Schematic view of transferring CVD graphene. Top: Standard transfer technique for 
transferring isolated large crystal CVD graphene. Graphene grown on copper was coated with 
PMMA and floated on copper etchant. After copper is etched away, the graphene (attached to 
PMMA film) was fished up by target samples. Cleaning was then performed.  
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Figure A.11: Align-transferring graphene onto arbitrary substrate. 1 and 2: graphene on copper 
attached to PDMS block 3: after etching copper, graphene could still be found by alignment 
marker. 4–6: align-transferring and cleaning. The picture of graphene on copper and after transfer 
are taken on the same spot to demonstrate physical damage. 
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